The mechanism of electrochemical oxidation of quercetin on a glassy carbon electrode has been studied using cyclic, differential pulse and square-wave voltammetry at different pH. It proceeds in a cascade mechanism, related with the two catechol hydroxyl groups and the other three hydroxyl groups which all present electroactivity, and the oxidation is pH dependent. Quercetin also adsorbs strongly on the electrode surface; and the final oxidation product is not electroactive and blocks the electrode surface. The oxidation of the catechol 3',4'-dihydroxyl electron-donating groups, occurs first, at very low positive potentials, and is a two electron two proton reversible reaction. The hydroxyl group oxidized next was shown to undergo an irreversible oxidation reaction, and this hydroxyl group can form a intermolecular hydrogen bond with the neighboring oxygen. The other two hydroxyl groups also have an electron donating effect and their oxidation is reversible.
Introduction
Phenolic compounds are responsible for the brightly colored pigments of many fruits and vegetables, and they protect plants from diseases and ultraviolet light and help prevent damage to seeds until they germinate. Polyphenols are a class of phytochemicals found in high concentrations in wine, tea, grapes and a wide variety of other plants and have been associated with prevention of heart disease and cancer.
The basic features of all polyphenols are the presence of one or more hydroxylated benzene rings. The two main groups of polyphenols are flavonoids and phenolic acids. Flavonoids are benzo-g-pyrone derivatives containing several hydroxyl groups attached to ring structures C 6 À C 3 À C 6 . They can be subdivided into several groups: flavonols (e.g., quercetin, kaempferol), flavones (e.g., luteolin), flavanols (e.g., catechin), isoflavones (e.g., genistein). Phenolic acids contain two main subgroups: benzoic acid derivatives (e.g., gallic acid) and cinnamic acid derivatives (e.g., caffeic acid, chlorogenic acid) [1] . Flavonoids and related polyphenols generally consist of two benzene rings linked by an oxygencontaining heterocycle (Scheme 1).
Owing to their polyphenolic nature, flavonoids exhibit strong antioxidant properties. The antioxidant effect of flavonoids can be due to both their radical-scavenging activity and to their metal-chelating properties, of which the former may dominate [2] . In addition to antioxidant and free-radical scavenger properties, flavonoids also exhibit an inhibitory effect on a number of enzymes and potent anticancer effects.
Quercetin is widely distributed in the plant kingdom and is the most abundant of the flavonoid molecules. Quercetin is the aglycone (i.e., minus the sugar group) of a number of other flavonoids, including rutin, quercetrin, isoquercetin, and hyperoside. These molecules have the same structure as quercetin except that they have a specific sugar molecule in place of one of quercetin×s hydroxyl groups on the C ring, which dramatically changes the activity of the molecule. Activity comparison studies have identified other flavonoids as often having similar effects as quercetin; but quercetin usually has the greatest activity. Quercetin is the 3, 3', 4', 5, 7, pentahydroxyflavone and the corresponding chemical structure is shown in Scheme 2.
Quercetin appears to cause many beneficial effects on human health, including cardiovascular protection, anticancer activity, anti-ulcer effects, anti-allergy activity, cataract prevention, antiviral activity, and anti-inflammatory effects.
The mechanism of action of flavonoids, as a rule, is as antioxidant, and most of quercetin× s effects appear to be due to its antioxidant activity. Quercetin scavenges oxygen radicals [3, 4] , inhibits xanthine oxidase [5] , and inhibits lipid peroxidation in vitro [6] . As another indicator of its antioxidant effects, quercetin inhibits in vitro oxidation of cholesterol low density lipoproteins (LDL), probably by Scheme 1. inhibiting LDL oxidation itself, by protecting vitamin E in LDL from being oxidized or by regenerating oxidized vitamin E [7] . By itself, and paired with ascorbic acid, quercetin reduced the incidence of oxidative damage to neurovascular structures in skin, and inhibited damage to neurons caused by experimental glutathione depletion [8] . Quercetin×s anti-inflammatory activity appears to be due to its antioxidant and inhibitory effects on inflammationproducing enzymes (cyclooxygenase, lipoxygenase) and the subsequent inhibition of inflammatory mediators, including leukotrienes and prostaglandins [9, 10] . Inhibition of histamine release by mast cells and basophils [11, 12] also contributes to quercetin×s anti-inflammatory activity.
Aldose reductase, the enzyme which catalyzes the conversion of glucose to sorbitol, is especially important in the eye, and plays a part in the formation of diabetic cataracts. Quercetin is a strong inhibitor of human lens aldose reductase [13] . Quercetin exerts antiviral activity against reverse transcriptase of HIV and other retroviruses, and was shown to reduce the infectivity and cellular replication of Herpes simplex virus type 1, polio-virus type 1, parainfluenza virus type 3, and respiratory syncytial virus (RSV) [14] .
The objective of this study was to investigate the mechanism of oxidation of quercetin by electrochemical techniques, which has not been studied before. The results obtained showed a multi-electron transfer process sequence, pH-dependent, which influences the antioxidant action of quercetin.
Experimental

Reagents
Quercetin dihydrate 98%, (3, 3', 4', 5, 7, pentahydroxyflavone) was from Sigma-Aldrich, Madrid, Spain, and all the other reagents were Merck analytical grade. All solutions were made up using high-purity water from a Millipore Milli-Q system (resistivity greater than or equal to 18 MW cm). Stock solutions of 10 À3 and 5 Â 10 À5 M quercetin were prepared in ethanol and kept in the refrigerator. These solutions were diluted to the convenient concentration after mixing buffer supporting electrolyte.
Solutions of buffer supporting electrolyte of ionic strength 0.2 were used in all experiments, Table 1 , and were prepared using analytical grade reagents and purified water from a Millipore Milli-Q system (conductivity < 0.1 mS cm À1 ).
Apparatus
The electrochemical experiments were done using an Autolab PGSTAT 10 running with GPES (General Purpose Electrochemical System) version 4.8, software PG (EcoChemie, Utrecht, The Netherlands). Voltammetric curves were recorded at room temperature in a three-electrode system (Cypress System, Inc., USA). The working electrode was a glassy carbon mini-electrode of 1.5 mm diameter, Ag/AgCl (saturated) was used as a reference electrode and platinum wire as a counter electrode. They were all used in a conjunction with an electrochemical cell of 2 mL. The glassy carbon working electrode was cleaned with diamond spray (25, 6 and 3 mm). Cyclic voltammetry scan rates were 50 and 100 mV s
À1
. The differential pulse voltammetry conditions used were: pulse amplitude 50 mV, pulse width 70 ms and scan rate 5 mV s
. Square-wave voltammetry conditions used were: frequency 50 Hz, amplitude 50 mV, and potential increment 2 mV (effective scan rate 100 mV s
). The pH measurements were carried out with a CRISON GLP 21 pH-meter at room temperature.
Results and Discussion
It has been shown that the antioxidant activity of flavonoids resides in the aromatic OH groups [15] . The structure of quercetin presents 5 functional OH groups, which can undergo oxidation or reduction, and its activity does not reside only in these groups and is enhanced by the carbonyl group, although, generally, the introduction of a carbonyl group in phenol reduces the antioxidant activity.
Cyclic Voltammetry
The oxidation of quercetin studied by cyclic voltammetry at pH 7.7 showed four oxidation peaks, Figure 1 oxidation peaks are associated with oxidation of the 5 functional OH groups of quercetin. A reduction peak at about 0.1 V could also be seen corresponding to reduction of the oxidation products formed in peak 1. The reversibility of peak 1 was detected more clearly at pH 5.5 and was confirmed in the second scan by inverting the potential scan just before peak 2, Figure 2 . This cyclic voltammogram clearly shows the reversible character of quercetin first electron transfer oxidation reaction. If the scan potential range is extended until peak 4 appears, i.e., 1.4 V, it is not possible to observe peak 1' as all the product of the first oxidation of quercetin has reacted in subsequent oxidation reactions, as observed in Figure 3 . Moreover, quercetin also adsorbs strongly on the electrode surface and the final oxidation product blocks the electrode surface, shown by the rapid decrease of the quercetin oxidation peak 1, as evidenced below using differential pulse voltammetry.
Differential Pulse Voltammetry
A differential pulse voltammetry study was performed for a wide pH range from 1.6 to 12.1 of aqueous buffer supporting electrolyte, Figures 4 and 5. In this way the dependence of the oxidation of quercetin on pH was verified. The strong adsorption of its oxidation product, which blocked the electrode surface, was also observed, since quercetin oxidation peak 1, as well as the others, decreased drastically in the second scan for all pH values, Figure 4 . The main peaks observed for most pHs were peaks 1 and 2, whereas peaks 3 and 4 occur only as shoulders and disappeared in alkaline media. The currents of peaks 1 and 2 were smaller in acid and alkaline media and increased at neutral pH, as seen in Figure 5a , the 3D plot of differential pulse voltammograms as a function of pH.
The plot of E p vs. pH for peaks 1 and 2 shows that protons are involved in the oxidation of quercetin, meaning that during the reaction not only electron but also protons are released from the molecule. The slope of the E p vs. pH plot is 65 mV per pH unit, for peaks 1 and 2, for pH lower than 7.7, which corresponds to a mechanism with the same number of protons and electrons involved, and pH dependent in acid and neutral media. At higher pH values, between 9 and 12, the values of E p are independent of pH, so protons no longer participate in the oxidation process, i.e., the reduced form is already chemically deprotonated, and the corresponding pK a % 9 could be found. 
Square-Wave Voltammetry
The advantages of square-wave voltammetry are greater speed of analysis, lower consumption of electroactive species in relation to differential pulse voltammetry, and reduced problems with blocking of the electrode surface. Square-wave voltammetry showed similar results to differential pulse and cyclic voltammetry, i.e., oxidation peaks 1 ± 4, large adsorption on the second scan, Figure 6 , and increasing current with the pH in acidic media and decreasing in alkaline media. The curves in square-wave voltammetry were not so well defined because of the faster scan rate used; the effective scan rate used was 100 mV s
À1
. The square-wave voltammogram which shows more clearly all four peaks corresponding to the electron transfer process was obtained at pH 4.1, Figure 6 , where the experimental curves were background-subtracted and base line corrected using the moving average method with a step window of 1 mV included in the GPES software.
The reversibility of the oxidation peaks 1 and 3 of quercetin is clearly shown in Figure 7 , where the forward and backward currents are equal and the oxidation and reduction peaks occur at the same potential. Also the first and the second peaks are so close that the latter could not be identified and peak 4, the last oxidation reaction in quercetin, shows reversibility though the peak is very small. A great advantage of the square-wave method is the possibility to see during one scan if the electron transfer reaction is reversible or not. Since the current is sampled in both the positive and the negative-going pulses, peaks corresponding to the oxidation or reduction of the electroactive species at the electrode surface can be obtained in the same experiment. These results compare very well with the results obtained for the same pH 1.6 using differential pulse voltammetry, Figure 4. 
Quercetin Oxidation Processes
Previous research showed that the pH-dependent effect on hydroxyflavone antioxidant activity is mainly due to an increased radical scavenging ability of the flavonoids upon their deprotonation. Because deprotonation generally enhances the antioxidant action of the hydroxyflavones and because only the ionization potential (IP), and not the bond dissociation energies (BDE) of the hydroxyflavones, becomes significantly lower upon deprotonation, it can be concluded that electron donation is the dominant mechanism of antioxidant action of hydroxyflavones after deprotonation. Upon deprotonation the radical scavenging capacity increases because electron and not proton donation becomes easier. This implies that not only the ease of radical scavenging but also the mechanism of antioxidant activity may change upon deprotonation, and electron donation may be more important for flavonoid antioxidant action at physiological pH [16] .
Quercetin has two different pharmacophores, the catechol group in ring B and the three hydroxyl groups in rings A and C. The activity of the 3 OH groups is enhanced by an electron donating effect of the hydroxyl groups at positions 5 and 7. The hydroxyl groups in ring B are electron-donating and stabilize active intermediates, and the C-3 hydroxyl group can also form intermolecular hydrogen bonds with the oxygen at C-4, also stabilizing active intermediates.
The quercetin oxidation processes proceed in a cascade mechanism and are related with the catechol groups in ring B and the three hydroxyl groups in rings A and C which all present electroactivity, and the oxidation potentials are identified with the experimental peaks 1 ±4 described previously. The oxidation of the catechol moiety, 3',4'-dihydroxyl electron-donating groups at ring B, occurs first at very low positive potentials corresponding to peak 1, and is a two electron two proton reversible reaction (Scheme 3). The hydroxyl group at position 3 at ring C is oxidized afterwards, corresponding to peak 2, was shown to undergo an irreversible oxidation reaction, and is a very small peak because the hydroxyl group can also form an intermolecular hydrogen bond with the oxygen at position 4 at ring C. The hydroxyl groups at positions 5 and 7 at ring A also have an electron donating effect and the oxidation is reversible, as shown by square-wave voltammetry, and occurs for higher positive potentials, corresponding to peaks 3 and 4.
The current of peak 1 is very high compared with the other three peaks, which is in agreement with higher radical scavenging activity corresponding to the oxidation of the catechol moiety. The oxidation current is strongly dependent on the pH. The oxidation currents are higher at neutral pH values corresponding to the hydroxyl moiety deprotonation, meaning that after deprotonation electron transfer becomes easier, and the mechanism of radical scavenging antioxidant activity of quercetin in the neutral form is increased. 
Conclusions
This study revealed for the first time that the process of electron transfer of quercetin is complex, pH-dependent, most steps are reversible, quercetin is strongly adsorbed on the electrode surface and the final product is not electroactive and blocks the electrode surface. A dependence of peak current on pH was observed showing a maximum around neutral pH values and decreasing in acidic and alkaline media. The influence of catechol group deprotonation is related to the electron/proton donating capacity in quercetin and to its radical scavenging antioxidant activity. 
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